The ternary intermetallic compound Gd2Cu2In crystallizes in Mo2Fe2B type structure with the space group P 4/mbm and we study critical behaviour and magnetocaloric effect near the ferromagnetic transition (TC ≈ 94 K) using the magnetic and heat capacity measurements. The maximum entropy change (∆Sm) and adiabatic temperature change (∆T ad ) for the field value of 7 T were observed to be 13.8 J/kg.K and 6.5 K respectively. We have employed modified Arrott plot (MAP), Kouvel-Fisher (KF) procedures to estimate the critical exponents near the FM-PM phase transition. Critical exponents β = 0.312(2), γ = 1.080(5) are self-consistently estimated from the non-linear fitting. The β value is close to the three dimensional (3D) Ising model where as γ and δ values are close to mean field model. The estimated critical exponents for Gd2Cu2In suggest that the system may belong to different universal class. All the three critical exponent obey Widom scale and collapse the scaled magnetic isotherms into two distinct branches below and above TC in accordance with single scaling equation. Specific heat measurements show a λ type peak near 94 K confirming the bulk magnetic ordering. The data near TC was fitted using the non-linear function CP = B+C +A ± | | −α (1+E ± | | 0.5 ) between -0.025< <0.025 which yielded the fourth critical exponent α value to be 0.11 (3). The value indicates possible 3D-Ising behavior where Gd 3+ moments arranged uniaxially along long tetragonel axis 'c' as reported in literature.
I. INTRODUCTION
Magnetic materials with large magnetocaloric effect have attracted considerable attention due to their potential applications in magneto-refrigerant and eco-friendly cooling industry [1] [2] [3] . Among many possible materials, RTX (R = Rare-earth; T = Transition metal X = p block element), RCo 2 (R = Er, Dy, Ho) based alloys [6] Gd 5 Si 2 Ge 2 and related compounds [4] ; Ni-Mn-X based Heusler alloys, RMnO 3 (R = Lanthanide) manganites [5] ; MnAs compounds [2] ; and LaFe 13−x Si x based intermetallic compounds [7] have drawn much focus due to giant magnetocaloric effect and large relative cooling power (RCP). The compounds R 2 Cu 2 In crystallize in the tetragonal structure which can be derived from U 3 Si 2 type structure compound. The R and indium atoms occupy the U sites whereas transition metal atoms are located at the Si site [8, 9] . Magnetic and physical properties of Gd 2 Cu 2 In were reported by Fisher et al. on single crystalline sample and they found the system orders magnetically below 85 K where Gd moments are aligned along c-axis [8] . Gondek et al. have studied the magnetic and transport properties of Co substituted Gd 2 Cu 2 In samples and observed enhancement of ferromagnetic correlations with Co substitution [10] . Low-temperature magnetocaloric effect has been reported in R 2 Cu 2 X (R = Er, Tm, Ho and Dy X = Cd, In) systems recently many researchers [11] [12] [13] [14] [15] [16] . The system Dy 2 Cu 2 In shows two successive phase transition at 49.5 K and 19.5 K belonging to a FM-PM transition and spin reorientation transition respectively. Dy 2 Cu 2 In showed large magnetocaloric effect (16.5 J/kg.K) with RCP value of 617 J/Kg [14] at 7 T. The maximum values of magnetic entropy change for Ho 2 (Cu,Au) 2 In * Electronic address: kraamesh57@gmail.com are 21.9 (Cu) and 15.8 J/kg K (Au) under a field change of 07 T [15] . Critical exponents analysis is an effective tool for understanding the nature of magnetic transitions and to study the intrinsic nature of the ferro-magnetism in alloyed compounds, amorphous ferromagnet, Rare-earth maganites [17] [18] [19] [20] . In this manuscript we report the magneto thermal and magnetocaloric effect on in Gd 2 Cu 2 In compound. Critical behavior and scaling analysis are examined using the conventional MAP, KF and critical scaling methods.
II. EXPERIMENTAL DETAILS
Polycrystalline sample was synthesized by arc-melting the stoichiometric mixtures of the high purity (99.9 wt % or better) elements under argon atmosphere in a Edmund Bhler (GmbH) arc-melting furnace. The sample was heat treated under high vacuum for one week at 800
• C followed by ice water quenching. Crystal structure analysis is done using powder x-ray diffraction method and Rietveld refinement using GSAS software package [21, 22] . The isothermal magnetization M (H) data were taken with close temperature intervals employing a commercial SQUID magnetometer (Quantum Design, Inc, San Diego). The specific heat (C P ) measurements were carried out on the Quantum Design PPMS (Quantum Design, Inc, Sand Diego) by the two-τ relaxation method under quasi-adiabatic conditions.
III. RESULTS AND DISCUSSIONS
A. Structural details Fig 1c. presents the temperature variation of susceptibility in zero-field cooled and field-cooled protocol carried out under the applied field H = 10 mT and the measurement showed a sharp magnetic transition near 94 K indicating presumable ferromagnetic ordering. The Curie temperature is observed to be ≈ 94 K from the dM /dT vs T plot (picture not shown). Accurate T C can be estimated from the rigorous critical exponent analysis. Temperature variation of DC susceptibility showed a divergent behavior between FC and ZFC measurements. In general, bifurcation between ZFC and FC arises due to the following reasons (i) short range magnetic ordering and spin glass state (ii) two competing magnetic interactions vis FM/anti-FM interactions which generates substantial magnetic anisotropy field (iii) magnetic inhomogeneity and quenched disorder. Here in the case of Gd 2 Cu 2 In we believe that the local anisotropy field or external magnetic field causes the freezing of Gd moments in the direction which is energetically preferred. Inset plot (b) of Fig1 shows linear behavior of 1/χ vs T data above T C confirming the Curie-Weiss (CW) behavior. We estimated effective magnetic moment µ ef f to be 8.20 (4) µ B . The calculated value is greater than theoretical free-ion value expected for Gd3+ spin moment (7.94 µ B ). This excess effective moment could be attributed to the formation of a polarization cloud of the conduction electron around Gd ions. The excess moment arises from Cu 3d orbital which is induced by localized Gd moment. By assuming local Gd moment and µ ef f 2 = µ N i 2 +µ Gd 2 the excess magnetic moment can be estimated as 1.9 µ B . The calculated excess moment is close to spin-only moment for Cu 2+ ion. Fig1d shows set of magnetic isotherms collected in the vicinity of FM-PM transition. At 60 K the magnetic moment was observed to 6.4 µ B . Fisher et al has observed that the magnetization at 2 K saturates to ≈ 7 µ B /Gd atom both along H c and H ⊥ c axis, as expected for free Gd 3+ ions (g × S = 7µ B ) [8] . Hence it is confirmed that the Cu 2+ magnetic moment (1.9 µ B ) which is observed from CW fitting arise from the conduction electron polarization and further Cu sub lattice remain non-magnetic in the ordered state.
C. Magnetocaloric Properties
In literature, the magnetocaloric effect is characterized by isothermal magnetic entropy change and the ∆S m values can be estimated by the following Maxwell's relation [1, 2] .
Fig 2a. shows the temperature variation of magnetic entropy change for Gd 2 Cu 2 In for different applied fields. Magnetic entropy change (-∆S m ) shows positive values with single peak shape. The maximum entropy change for 0-7 T field change was 13.8 J/kg.K and even for low field such as 5 T the system exhibits quite large ∆S m value of 10.6 J/kg.K. Among the other R 2 Cu 2 X (R = Er, Dy, Ho and Gd; X = In and Cd) compounds, Dy, Ho and Er based systems showed larger MCE properties compare to Gd based sample due to multiple phase transitions (See table I ). Field dependence of MCE has been reported to give additional information regarding the magnetic transition. Within the mean field approximation and for second order magnetic transition Oesterreicher and Parker proposed that the magnetic entropy change follows H n where n is a local exponent taking the value ≈ 2/3 near the phase transition [23] . The local exponent (n) can be estimated by fitting the ln(∆S Adiabatic temperature change (∆T ad ) can be estimated using the Maxwell's relation by the following method [2] ;
We evaluated ∆T ad using the ∆S m curves and zero field heat capacity data. The temperature variation of ∆T ad resembles the temperature variation of ∆S m till 3 T field but we observed the variation of ∆T ad deviates from smooth peak function for the higher field (Fig2b). However our estimate gives a lower bound value of adiabatic temperature change which is an important parameter for magneto-refrigerant applications and not estimated in this type of materials in previous reports [11] [12] [13] 15] . The maximum value was observed to be 5.4 K and 6.5 K for the applied field 5 T and 7 T respectively.
Recently, Franco and co-workers have proposed a universal scaling of magnetocaloric effect in order to differentiate between first and second order magnetic transition. According to this model, for any second order phase transition the normalized entropy change
is maximum entropy change) against scaled temperature (θ) merges into a single curve both below and above the magnetic ordering. In the case of first order magnetic transition the universal curve disperse into branches [24, 25] . We have used universal scaling method to study the magnetic transition of Gd 2 Cu 2 In and the scaling has been done as follows. Rescaling of the temperature axis is done by two reference temperatures viz T r1 and T r2 .
The references temperatures are chosen for each field in such a way that Fig 3d shows the normalized entropy change with respect to scaled temperature constructed by assuming h = 0.5. It is evident from the plot that the normalized entropy collapsed into a single curve for the entire temperature range which is indicating a second order type magnetic transition . The relative cooling power (RCP) is defined as the amount of heat transfer between the hot and the cold reservoirs in an ideal refrigeration cycle. We estimated relative cooling power by the following expressions.
In the present investigation, the RCP value for 0-5 T and 0-7 T applied field were 225 J/Kg and 360 J/kg respectively. The magnetocaloric effect for the compound Gd 2 Cu 2 In is compared with previous reports on isostructural compounds (See Table1). critical exponents follows mean field behaviour with β = 0.5 and γ = 1. The variation of M 2 with H/M shows positive slope for full temperature and field range of investigation. According to Banerjee criterion a positive slope in the low field regime of M 2 vs H/M is indicative of a second order phase transition [26] . For mean field type critical behavior, it is expected that the high field magnetization should show set of parallel lines near T C . Further, the critical isotherm at T = T C should pass through origin if the magnetization can be written as
D. Critical behavior and Scaling analysis
where the a(T ), b(T ) are temperature dependent constants. From Fig3c it is clear that the magnetic isotherms shows quasi linear behavior H/M Vs M 2 , critical isotherm does not pass through origin. Hence the mean field model with β = 0.5 and γ = 1.0 is not suitable exponents for this system. In order to extract the accurate critical exponents for this system we employed commonly used modified Arrott plot technique based on Arrott-Noaks equation of state. According to this model the magnetization (order-parameter) can be written as
where a and b are constants; β and γ are critical exponents which can be estimated from a iterative non-linear fitting. The details of the scaling hypothesis, renormalization procedure and estimation of critical exponents are given below. According to the scaling hypothesis, spontaneous magnetization M S (T ), initial susceptibility and critical isotherms are characterized by set of three critical exponents viz β, γ and δ respectively. These exponents are strongly inter-related and depends only upon the lattice dimension (d) and spin dimensionality (n s ). The spontaneous magnetization and initial susceptibility can be expressed as power law expression involving reduced temperature and the critical exponents [27] .
where = (T − T C /T ) is the reduced temperature; M 0 , h 0 , m 0 , D are known as critical amplitudes. Further, in the critical region, the magnetic equation of state can be written as follows
where f + and f − are regular analytic functions respectively correspond to below and above T C . The magnetization (M ) and the field (H) can be renormalized in such way that the m ≡ −β M (H, ) vs h ≡ −β+γ H plot collapses into two branches below and above T C . Branching of renormalized magnetic isotherms confirms the validity of the critical exponents and of the universality class. Estimation of spontaneous magnetization, initial susceptibility and to derive accurate set of critical exponents for a given system are cumbersome process. Initially, modified Arrott plot is constructed by employing equation (7) and by assuming a set of β and γ value. The spontaneous magnetization and initial susceptibility is estimated by linear extrapolation high field data to the M 1/β and (H/M ) 1/γ respectively. The M S (T ) vs T and χ −1 0 (T ) vs T data fitted with equation (8) and (9) to obtain new set of β and γ values. This procedure is repeated until the critical exponents converge to stable values. We have followed similar procedure to estimate the β and γ, however, the initial values and the university class are guessed in order to avoid too many cycles of constructing MAPs. Fig 3 (a-c) shows both conventional and modified Arrott plots for mean field, 3D Ising and 3D Heisenberg models using the theoretical critical exponents (see Table 2 .). It is clear from the plots that 3D Ising and 3D Heisenberg models would be suitable for this systems as the high field data exhibiting set of parallel lines. In order to further narrow down the possible values we have calculated the relative slopes as function of temperature RS ≡ S(T )/S(T C ). The relative slope change should be close to the value 1 for the most suitable modified Arrott plot. The relative slope change for the 3D Ising model showed only 22 % deviation from the expected values where as mean field and 3D Heisenberg models shows more than 30 % deviation. Hence we believe that the system could be renormalized into 3D Ising universal class. Franco et al have proposed the local exponent 'n', which is controlling field dependence magnetic entropy change, can be used to interpret the critical behavior using the following expression [28] .
using the Widom scaling (δ = 1 + γ/β) the expression (12) can be re-written as
The critical exponent δ can be found according to the equation (10). Fig3d shows lnM -lnH plot along with linear fitting and the δ value was found to be 3.711 (2) for 94 K and 3.56 (4) for 92 K. Using the n and δ values we derived inital values of β and γ to construct the modified Arrott plots.
Fig4a shows non-linear fitting of spontaneous magnetization and initial susceptibility using the expression (8 and 9). The final fitting gives β = 0.312 (2); T C = 92.97 (4) T < T C and γ = 1.08 (5) T C = 93.3 T > T C . The estimated β value is close to 3D Ising behavior where as γ value signifies long range ordering with mean field type behavior. KouvelFisher technique is used to deduce the accurate values in literature. According to this method, the power law behavior of the magnetization (Eq.8) and initial susceptibility (Eq.9) can be deduced to simple linear function by dividing the respective first order derivatives. Hence the functions M S (dM S /dT ) Fig 4d) . It can be clearly seen that all the data collapses into two different curves one corresponds below T C and other above T C which is indicating the parameters are reliable and scaling hypothesis valid for the estimated critical exponents. The fourth critical expo- nent α can be estimated from the heat capacity measurements. Since α can be estimated from the zero field heat capacity, the uncertainty due to the demagnetization field/residual field presence in the magnetization measurements can be avoided. For anti-ferromagnetic systems, α could be more useful parameter than β and γ as magnetization is not considered to be the order-parameter. Zero field C P data near the transition temperature is fitted to the following relation:
where is the reduced temperature; A ± , B, C and E ± are adjustable parameters. The relevant information about the critical behavior of the heat capacity and fitting procedures can be found in the following references [29, 30] . The experimental heat capacity data along with fitting curves are shown in Fig4b. The value of critical exponent was observed to be α + = 0.10 (1) and α − = 0.11 (1) ; the ratio of the critical coefficients is A + /A − = 0.49 (5) . Both the critical exponent and the ratio values confirm the 3D-Ising universality class which is in concert with our MAP, KF analysis. The observed values are far away from 3D Heisenberg and XY universality which is in concert with our estimation from magnetization measurements.
All the critical exponents estimated from various techniques along with the known theoretical model values are summarized in table II. As we mentioned earlier that the β and α value indicate the systems possess 3D Ising type behavior where as γ and δ values are located in between 3D Ising and mean field value. Our observations indicate a possible crossover between 3D-Ising to mean field behavior in the vicinity of the phase transition. Crossover behavior often observed in many hole doped RMnO 3 (R = Lanthanide) manganites. Kim [20] . Critical behavior of CrSiTe 3 showed cross over behavior where the system showed 2D Ising model value coupled with long-range spin interactions [31] . Recently, Dey et al. have observed cross over between 3 D Heisenberg behavior to mean field behavior for the system MnCr 2 O 4 [32] . It is important to understand the cross over behavior in terms of length and temperature scales. The correlation length ξ = ξ 0 | | −υ , where υ is the correlation length exponent, can be roughly estimated by using the relation υ = (2 − α)/d [20] ; By assuming typical values for ξ 0 to be 5-10 A we estimated correlated length to be 51Å to 102Å for ≈ 0.025. This indicates that the correlation length either comparable or much smaller than the typical grain size of a polycrystalline materials. Hence the critical fluctuations is more dominant than the mean field behaviour to study the cross over behaviour. Our C P and magnetization studies are within this regime of uncertainty hence either neutron diffraction studies or single crystal magnetization measurements needed for the studying the complete cross over behavior. Finally, it is clear from the earlier discussions the system does not complete belong to 3D short range interaction models and the estimated exponents are in between the 3D Ising and mean field values. The extended type of interaction can be represented by J(r) ≈ r −(d+σ) where r is the distance and σ is the range of interaction [17] . For a homogeneous magnet, the susceptibility exponent γ can be expressed by the following relation [33, 34] 
where
In literature, it is customary to solve this equation counter intuitively by choosing correct set of parameter (d : n) in order to find the close γ value for the system. In our case since d = 3; and γ ≈ 1, we believe that the trivial solution for the equation (15) would be ∆σ = 0 which gives γ value ≈ 1 .This assumption is not completely unphysical because in the renormalization group theory analysis, σ = 1.5 signifies mean field type behavior with long range interaction where as σ ≈ 2 implies a possible short range correlation [17, 31, 34] . The critical exponents are inter-connected by the following relations [31] . υ = γ/σ; α = 2-υd; β = (2-α-γ)/2; δ = 1 + γ/β. By using the α and γ value, accurate σ was estimated to be 1.587 which lead to spin interactions J(r) decays as r −4.587 expected for long range interactions.
IV. SUMMARY AND CONCLUSIONS
In conclusion, we observed large magnetocaloric effect in Gd 2 Cu 2 In compound in the vicinity of magnetic transition.
For the field value of 0-5 T and 0-7 T the ∆S m value was observed to be 10.6 J/kg.K and 13.8 J/kg.K respectively. We presented a comprehensive and details studies of the critical behavior for the compound Gd 2 Cu 2 In near the transition temperature. The PM-FM phase transition is observed to be second order in nature. Estimation of four critical exponents using various analysis (MAP, KF, critical isotherm and C P critical exponent studies) show that the system belong to 3D Ising type behaviour coupled with long range interaction. The spontaneous magnetization exponent (β) and heat capacity exponent α values close to the 3D Ising behaviour where as other two exponents indicate a long range or mean field type interactions. We believe the system magnetically orders below 94 K where Gd 3+ moments arranged uniaxially along long tetragonal axis 'c'. Uniaxial arrangment of Gd moments suggest strong magnetocrystalline anisotropy presence which may be a plausible reason for the observed bifurcation between FC-ZFC magnetization. Finally, the extended range of interaction J(r) decays as r −4.587 expected for long range interaction. The cross over from 3D Ising to mean field type behavior evident from the magnetization and heat capacity critical exponents.
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